A prism-shaped monolithic Fabry-Perot resonator is shown to allow absorption measurements of liquid samples in the terahertz wave range. As the radiation source a backward-wave oscillator was chosen for its tunable, highly monochromatic, continuous wave. The resonator is made of high-resistivity silicon, with two surfaces acting as partial mirrors and forming the cavity, while a third one contributes with a total internal reflection. When a liquid sample is placed on this latter surface the total reflection is attenuated and the finesse of the resonator decreases, providing absorption information about the sample. The measurement method relying on Fourier processing of the signal, as well as experimental data are presented. Recent developments in the terahertz ͑THz͒ radiation research have opened the potential for new investigation techniques, with applications in a wide range of fields such as: nondestructive inspection, industrial testing, agriculture, homeland security, medicine, and many more.
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1 Spectroscopic applications and investigation of material properties occupy a large proportion of the THz research effort, as many substances have fingerprint features in this spectral range, allowing their detection, identification, and quantitative evaluation.
In this letter we present a technique for measuring the optical properties of liquids in the THz range, relying on a resonator configuration. In the visible range such an approach has been reported a few years ago 2 in which the cavity ringdown spectroscopy method is combined with the characteristics of the total internal reflection. Our study is similar in the sense that we also employ the resonance properties of a dielectric resonant cavity; however, the measurement principle, the method of data processing, and the spectral range are entirely different. Concomitantly with us, but independently, another research group has brought the cavity-enhanced measurement principle to the THz field, although again their approach 3 is significantly distinct. As a radiation source we used a backward-wave oscillator ͑BWO͒, which outputs a highly monochromatic continuous wave, electronically tunable in the approximate range 500-700 GHz. The optical setup ͓Fig. 1͑a͔͒ is similar to that described in Ref. 4 and consists of reflection optics ͑off-axis parabolic mirrors͒ that collimates and refocuses the beam on a pyroelectric sensor. For detection, an optical chopper placed in front of the BWO output window modulates the beam. The THz wave has an approximately Gaussian distribution, which allows a very good collimation. The alignment of the optical setup, and especially that of the parabolic mirrors, is considerably facilitated by superimposing a visible beam to the THz beam.
The sensing element ͓Fig. 1͑b͔͒ is a 90°+ 45°+ 45°p rism made of high-resistivity silicon to ensure a very low absorption loss. The sides forming the right angle are 38.1 mm in size, and the corresponding surfaces are square. The collimated THz beam is steered using a flat metallic mirror so as to enter the prism under normal incidence, subsequently bounces off the upper surface by total internal re- flection ͑TIR͒, and then reaches the exit surface under normal incidence. The output beam is given again the initial direction by another plane mirror.
The entrance and exit surfaces work as partial mirrors by simple Fresnel reflection, which for the refractive index of silicon ͑3.417 in this wavelength range͒ means a power reflectivity of about 30%. This relatively low value is sufficient for the wave to oscillate inside the resonator several times and produce a well-defined etalon effect. Such effect is observed when the frequency of the BWO is scanned and the power that reaches the detector is recorded as a function of the frequency.
When a sample is placed on top of the TIR surface the evanescent wave is partially absorbed, causing a decrease of the quality factor of the resonator. In this sense, the sample is optically inside the resonator. The method we describe here is particularly suited for liquid samples, which form a compact layer that completely covers the TIR surface. The thickness of the liquid samples in our tests was around 1 mm. The liquid is retained at the edges by surface tension.
The method consists in measuring the loss inside the Fabry-Perot cavity with and without the sample placed on the prism. The losses are determined using a property of the Fabry-Perot etalons, which will be explained in the following. The intensity of the transmitted radiation is given by the Airy function
where I 0 is the incident intensity, F is the finesse depending on the total loss in the resonator, n is the refraction index of the prism, L is the geometrical length of the cavity, f is the frequency of the electromagnetic wave, and c is the speed of light in vacuum. When the frequency of the light source is linearly scanned, the transmission of the etalon has a periodic profile with peaks that become narrower as the finesse increases. A remarkable property of the Airy function is found by analyzing its Fourier transform. As the function described by Eq. ͑1͒ is periodic, its Fourier transform will consist of successive peaks, at positions given by the argument of the sine function and its integer multiples. The ratio of any two consecutive harmonics in the Fourier transform ͑including the dc level as the zeroth harmonic͒ is constant 5 and contains information on the losses in the cavity. Specifically, this ratio is equal to the square root of the power decrease in the resonator after a complete loop.
For our case the relation between the ratio of consecutive harmonic amplitudes and the losses in the cavity is described by
where r is the ratio of consecutive harmonics, R is the reflectivity ͑in terms of power͒ at the mirrors that form the cavity, and ␣ is the absorption coefficient in the cavity volume. The factor T is inserted to account for the additional loss when the TIR at the upper surface is affected by the sample; without sample it has the value 1. The factor T depends on several parameters, as described by the Fresnel reflection equations where the subscripts ʈ and Ќ refer to the polarization of the THz wave ͑the orientation of the electric field vector relative to the incidence plane͒, is the incidence angle, and n 21 is the relative complex refractive index, n 21 = n 2 / n 1 , with subscript 1 for the silicon prism, and 2 for the sample. In the particular case of using the BWO as the radiation source, we must add that, when scanning the frequency, the output power is not constant; instead it has large variations as a result, for instance, of the electromagnetic modes that develop inside its tube. This variability does not constitute a problem for our method, because the output characteristic is repeatable, and in the Fourier transform the peak corresponding to the silicon prism is isolated from other effects. Figure 2 is illustrative for a typical measurement. The variations in the recorded spectrum ͑a͒ are a superposition of the spectral characteristic of the BWO, the standing wave that develops in the silicon prism, and possibly other accidental cavities in the optical path. By Fourier transformation ͑b͒ the variations corresponding to the different etalon effects are clearly separated according to the length of those resonators. The peak at 131 mm corresponds to the prism, in good agreement with the geometrical path length and the refractive index of silicon. For absorption measurements the amplitude of this peak will be taken into account. The BWO tube itself also acts as a Fabry-Perot resonator, and large variations appear in the output power as the frequency is scanned; these variations produce the peak marked "BWO" and possibly other neighboring peaks in the Fourier transform.
The measurement procedure consists in scanning the BWO frequency and recording the power transmitted through the resonator in two situations: without and with the sample. In each case the Fourier transform is calculated and the amplitude ratio between the peak corresponding to the silicon prism and the dc level is taken. By dividing the two ratios, the value of the factor T in Eq. ͑2͒ is obtained.
As samples we have tested until now several simple liquids, solutions, and mixtures. For example, solutions of 2-deoxy-D-glucose were measured, and the relationship between the concentration and the factor T was determined. By reversing this relationship, the concentration of unknown solutions can be found out; the accuracy of such a determination was in the case of the glucose solutions about 1% in the present measurement conditions. Figure 3 shows another example of measurement results, this time obtained on a series of mixtures of water and ethanol. While distilled water gives T = 44%, and pure ethanol gives T = 91%, the mixtures of the two substances have transmissions that span within this interval. By reversing this curve one could measure the concentration of an unknown water-ethanol mixture with an accuracy between 3% and 5% for the most part of the range, with errors increasing when the mixture contains more than 70% ethanol.
Among the advantages that our proposed method offers we mention: The thickness of the sample is not relevant, provided that it is much larger than the penetration depth; The THz wave is attenuated by the same area of the sample several times, which means that the sensitivity is multiplied without increasing the amount of sample; Compared with other measurement techniques in which the wave passes through a layer of sample, our method is not affected by any etalon effects inside the sample, nor does it need a specially designed cell.
There are several ways we can see for improving this method:
1.The sensitivity could be greatly improved by increasing the reflectivity of the entrance and exit half-mirrors. This can be achieved for example by using sandwiches of thin silicon films separated by air gaps, as described in Ref. 6 . Consequently, to stabilize the resonator, at least one of the prism surfaces may need to have a concave shape. 2.Until now we have only used the incidence angle of 45°a nd the horizontal polarization of the THz wave, T Ќ in Eq. ͑3͒. Complete information about the complex refractive index of the sample could be obtained by also propagating a vertically polarized wave and/or changing the incidence angle. 3.By shifting the frequency scanning window, it is possible to measure some limited spectral characteristics of the sample.
While still at an experimental stage, we believe that this technique can become a useful tool in analyzing the optical properties of liquids and possibly other samples in the THz range.
